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INTRODUCTION 
I L n  QD The e f f i c i ency  ~f gas- turb ine engines increases as opera t ing  tempera- rn I u tu res  increase. However, the  temperature i s  r e s t r i c t e d  by design l i m i t a t i o n s ,  
ma te r i a l  s t rength,  and environmental c a p a b i l i t i e s .  Fcr  metal temperatures 
above 900' C,  n ickel-and-cobal  t-base superal l o y  components usual l y  must be 
coated t o  r e s i s t  ox i da t i on  and hot  cor ros ion.  A t  t he  Lewis Research Center 
there i s  a con t inu ing  e f f o r t  t o  improve convent ional  a lumin ide coat ings and 
t o  develop new, a1 t e r n a t i v e  coat ings ( r e f s .  1 t o  5 ) .  These systems form an 
adherent A1 0 f i l m  which p ro tec t s  the subs t ra te  from f u r t h e r  ox ida t ion .  2 3 
Refractory  metals and a l l o y s  developed f o r  much h igher  temperatures than 
superal loys can be p ro tec ted  by fused-si  1 i c i d e  coat ings ( r e f s .  6 and 7) .  
These a l l o y s  a re  genera l l y  p ro tec ted  by M S i  and HSlp compounds, which p r i -  5 3 
m a r i l y  form S i O  upon o x i d a t i o n  ( r e f .  8).  L i t t l e  i s  known, however, about the 2 
ox ida t i on  o f  N i s i  a l l o y s  as coat ings compared w i t h  the MA1 and M C r A l Y  coa t ing  
a l l o y s .  Even less  i s  known about the complex combinations o f  oxides, i n t e r -  
metal 1 i c  compounds, and e u t e c t i c s  t h a t  could r e s u l t  from s i l  i c ide /a lumin ide  
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and S i O  /A1 0  combined w i t h  the n i ne  o r  more o the r  elements contained i n  2 2 3  
.y superal loys.  
Most a v a i l a b l e  in fo rmat ion  ind ica tes  t h a t  smal l  amounts o f  s i l i c o n  have 
a favorab le  e f f e c t  on the o x i d a t i o n  res is tance o f  i r o n  and n icke l -base a l l o y s  
( r e f s .  9 t o  12). But d i f f e r e n t  r e s u l t s  are obtained w i t h  d i f f e r e n t  ma te r i a l s  
( r e f s .  8, 13). I t  appears t h a t  s i  1 icon i n  a  coa t ing  must be t a i l o r e d  f o r  use 
w i t h  the p a r t i c u l a r  subs t ra te  t o  be bene f i c i a l .  Unpublished c y c l i c  furnace 
o x i d a t i o n  data (by D. Deadmore o f  Lewis) showed t h a t  a  h i g h - p u r i t y  s i l i c o n -  
s l u r r y  spray fo l lowed by a  pack ~ l u m i n i z i n g  t reatment g r e a t l y  improved the  
h i gh  temperature o x i d a t i o n  res is tance  o f  NASA V I A  a l l o y .  
The purpose of t h i s  i n v e s t i g a t i o n  was t o  eva luate the S i - A 1  coat ing sys- 
tem i n  severe environments t h a t  more c l o s e l y  s imulate  gas- turb ine engines 
and t o  compare i t  w i t h  p rev ious ly  tes ted  o r  i n - se r v i ce  coa t i ng  systems. The 
Si-A1 coa t ing  system, i f  successful ,  prov ides a  la rge  p o t e n t i a l  f o r  cost  re-  
duct ion. 
EXPERIMENTAL PROCEDURES 
The nominal composit ions o f  the subs t ra te  a1 loys ( i n  wt%) a re  f o r  V I A ,  
6 Cr, 7 Co, 5 A l ,  2 Mo, 1 T i ,  6 W, 9 Ta, 0.5 H f ,  0.5 Nb, 0.4 Re, balance Ni ; 
and f o r  8-1900, 8 Cr, 10 Co, 6 A l ,  6 Mo, 1 T i ,  0.1 W, 4 Ta, 0.1 C ,  0.1 Z r ,  
0 .0 \5  0 ,  balance N i .  
The two specimen con f i gu ra t i ons  used i n  t h i s  i n v e s t i g a t i o n  a re  shown i n  
f i g u r e  1 .  Specimens were g r i t - b l a s t e d  and cleaned before coa t ing .  S i l i c o n  
powder was sprayed ontc  the supera l loy  spzcimens, they were a i r  d r ied ,  and 
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then pack a lumin ized a t  1 10oO C f o r  16 hours under argon. A more complete 
desc r i p t i on  o f  the process i s  g iven i n  reference 15. 
Ox ida t ion  and thermal f a t i g u e  specimens were run i n  a na tu ra l -sss  burner 
w i t h  a gas v e l o c i t y  of Mach 1 .  A d e t a i l e d  d e s c r i p t i o n  o f  the burner f a c i l -  
i t y  i s  g iven  i n  references 16 and 17. I n  each t e s t  c yc l e  the specimens were 
ro ta ted  i n  the  ho t  gas f o r  1 hour a t  a metal temperature o f  1093' C ,  and 
cooled t o  room temperature by lowering i n t o  a h i gh -ve loc i  t y  a i r  b l a s t  f o r  3 
minutes. 
The ho t -co r ros ion  specimens were run ' n  a sma l le r  f a c i l i t y  opera t ing  on 
a Je t  A fue l  w i t h  a gas v e l o c i t y  o f  Mach 0.3. F ive  ppm s a l t  was added t o  
the combustion gases. The specimens were ro ta ted  i n  the gas flame for. 1 hour 
a t  900' C and then cooled t o  near room teloperature i n  3 minutes. F.t  i n t e r v a l s  
o f  20 o r  50 hours o f  t e s t i n g  the specimens were weighed, photographed, and 
inspected f o r  cracks. Each t e s t  was run w i t h  d u p l i c a t e  specimens. 
A f t e r  burner t e s t s  were complete, as determined from the ap~aarance  o f  
the specimen o r  weight loss r a t e ,  the specimens were inspected metal lograph- 
i c a l l y .  Samples o f  surface ox ide  were scraped from se lected specimens f o r  
X-ray d i f f r a c t i o n  analyses. Microprobe a~ ia l yses  were conducted on the coated 
V I A  specimens defore and a f t e r  exposure to determine the ex ten t  o f  elemental 
d i f f u s i o n  and t o  i n d i c a t e  elements presenr i n  the  m e t a l l i c  and ox ide  forms. 
O X  l DAT l ON AND THERMAL FAT l CUE RESULTS 
The r e s u l t s  o f  the Mach 1 burner t e s t .  on coated and uncoated specimens 
are shown i n  f i g u r e  2. The curves drawn hri,uglr dctual  po in t s  a re  f o r  the 
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Si-A1 c o a t i n g  da ta  o f  t h i s  paper. The o t h e r  curves  a r e  d a t a  f rom p r e v i o u s  
t e s t s  i n  t h e  same f a c i l i t y ,  under t h e  same c o n d i t i o n s .  Specimens were re- 
moved from t e s t i n g  a f t e r  a  we igh t  change o f  -50 mg o r  i f  a  t h e r m a l - f a t i g u e  
c rack  had propagated app rox ima te l y  1 / 3  o f  t h e  way th rough t h e  specimen. 
From f i c u r e  2 (a )  t h e  Si-A1 coated specimens have 1 i v e s  (de termined as 
t h e  ze ro  c rossove r  p o i n t  on  t h e  x - a x i s )  o f  f rom 675 t o  960 hours,  n e a r l y  4 
t imes the  l i f e  o f  commercial pack-alurn in ide specimens t e s t e d  under t h e  same 
c o n d i t i o n s  The uncoated specimen shows r , lp id  we ight  l oss .  The Pt-A1 spec- 
imen had an e x t r a p o l a t e d  l i f e  app rox ima te l y  t w i c e  t h a t  o f  t h e  Si-A1 coated 
V I A  specimen. 
When the  S i - A l  c o a t i n g  was a p p l i e d  t o  J-1900 a  bu rne r  l i f e  o f  one o f  
t h e  specimens surpassed t h e  e x t r a p o l a t e d  1 i f e  o f  t h e  Pt-A1 on VIA system by 
100 hours.  The S i - A I  coated 8-1900 specimen ran  >2100 hours  b e f o r e  removal.  
No thermal  f a t i g u e  c racks  were observed u n t  i 1 a f t e r  800 hours  (200 hours  
longer  than f o r  t h e  Pt-A1 specimen). These t e s t s  c l e a r l y  demonstrated t h e  
p o t e n t i a l  o f  t h e  S i - A I  c o a t i n g  app l  i e d  t o  < 1 1  l o y s  t h a t  fo rm f a v o r a b l e  combina- 
t i o n s  w i t h  t h i s  p r o t e c t i v e  c o a t i n g .  
For the  0-  1900 s u b s t r a t e  t h e  specimen ~ h i c h  r a n  t h e  l onges t  (2129 h r )  
looked remarkably good even thouqh i~ was : racked and had l o s t  >200 mg. A  
f i n e  f i ssur -e  was observed on t h e  t r a i l i n g  :dye a f t e r  800 hours wh ich  lengthened 
th roughout  the  t e s t .  Other c racks  appeare l  l a t e r ,  i n  b o t h  t h e  l e a d i n g  and 
t r a i  1 i n g  edges. For the  o t h e r  ti-1500 spec .men the  c o a t i n g  appeared t o  erode 
over  a  l a r g e r  a rea o f  t he  l e a d i n g  edge b e f < ) r e  c racks  appeared. 
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Photomicrographs o f  the as-coated specimens and cross sect ions o f  the 
as- tested specimens o f  the S i - A 1  on V I A  a l l o y  a re  shown I n  f i g u r e  3, and 
e l e c t r o n  m i  croprobe ana 1 yses were made on these specimens. 
Two d i s t i n c t  l ayers  were observed above the as-coated V I A  subst ra te .  
The inner  layer  i s  what remains o f  the o r i g i n a l  s i l i c o n  l aye r  a f t e r  the 
16-hour pack treatment.  Th is  iayer  i s  a  nu l t i phase  reg ion  o f  small e lon-  
gated g ra ins ,  h i gh  i n  N i ,  and S i ,  w i t h  va ry ing  amounts o f  the o ther  elements. 
S i l i c o n  d i f f u s i o n  i n t o  the base metal  was less  than expected, bu t  S i  d i f f u -  
s ion  outward was s i g n i f i c a n t .  The top layer  was most ly N i A l ,  w i t h  nodules 
o f  the  S i - r i c h  phase. The surface t ex tu re  cons is ted o f  rounded g ra i ns  w i t h  
an est imated average diameter of 1QO Urn. 
A f t e r  exposure, the surface became smoother and the m ic ros t r uc tu re  o f  
the coa t i ng  appeared e n t i r e l y  d i f f e r e n t .  Layers were no t  as d i s t i n c t ,  and 
l a rge r  o ra ins  o f  d iscont inuous phases were present. S i  1 icon d i f f u s e d  about 
200 Lm i n t o  the subst ra te .  Two d i s t i n c t  rhases were observed i n  the o r i g i -  
n a l l y  S i - r i c h  zones c lose  t o  t+e  subst ra te .  The continuous phase i s  r i c h  
i n  S i ,  T i ,  W, Cr, Mo, and Ta. Above t h i s  reg ion a large-gra ined phase, r i c h  
i n  C r ,  S i ,  N i ,  A l ,  and Co was observed. :his phase may be a form o f  low-A1 
martensi  t i c  B - N i A l  as descr ibed i n  rc.ferecce 8. A t  the sur face a metal 1 i c  
phase r i c h  i n  N i ,  A l ,  Ta, W ,  and T i  ( l i g h  reg ion)  was present.  Th is  i s  be- 
l i e v e d  t o  be e i t h e r  Ni s o l i d  s o l u t i o n  o r  ' . i  A l .  I n  the ox ides,  Mo, Ta, S i ,  3 
and A l  were detected. X-ray ana l ys i s  o f  he surface ind ica ted  A 1  0 Ni 
2 3 '  
s o l i d  so l u t i on ,  sp i ne i ,  and o ther  un ident  f i e d  phases. 
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I t  appears tha t  S I ,  combined w i t +  Ta and Mo from the  subs t ra te ,  d i f f used  
i n t o  the ou te r  N i  and A l - r i c h  phases and poss ib l !  formed p r o t e c t i v e  oxides 
i n  a d d i t i o n  t o  A t  0 The p r o t e c t i v e  a b i l i t y  o f  t h i s  coa t i ng  seems t o  be 2 3 '  
h i g h l y  s e n s i t i v e  t o  the elements i n  the subs t ra te .  Small amounts o f  S i  i n  
the a1 l o y  have been shown t o  increase the ox idat  ion res is tance  o f  B-1900 
( r e f .  18) and N i  A1 ( r e f .  19). Fur ther  analys i :  i s  needed t o  more c l e a r l y  3 
i d e n t i f y  s p e c i f i c  phases, but  the complex i ty  anc h i gh  number o f  elements 
makes t h i s  very d i f f i c u l t .  
HOT-CORROS I ON RESLLI S 
The r e s u l t s  o f  the ho t -co r ros ion  t e s t s  on bare and S i - A 1  coated 8-1900 
are shown i n  f i g u r e  4. Specimens were subjected t o  exposure t o  Mach 0.3 
0 
combustion gases con ta in ing  5 ppm se3 s a l t  and bare cyc led between 900 C 
and room temperature. The coa t ing  p ro tec ted  8-1900 f o r  more than 500 hours 
compared t o  less than 50 hours f o r  the uncoated ipecimens. 
I n  the coated specimen b l  i s t e r s  formed a f te r  345 hours. Hot co r ros ion  
occurred a t  these spots and made deep ho les i n  t le specimens by 779 hours. 
SUMMARY OF RESULTS 
(1) I n  Mach 1 .  1093 C cyr. l ; c  o x i d a t i o n  the i i - A 1  coat ings p ro tec ted  
the V I A  a l l o y  a t  l eas t  four  tinies lcriger than ccf ivent ior ,a l  a lumin ide coat ings 
and prov ided a tou t  the same thermal f a t i gue  p r o t x t i o n .  
( 2 )  One S i - A 1  coa t ing  on 8-1900 exce(:ded t t  o x i d a t i o n  and thermal 
f a t i g u e  performance o f  more expensive P t - . \ I  coat lngs on V I A  and s i g n i f i c a n t l y  
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surpassed PVD CoCrAlY nn  V I A  i n  o x i d a t i o n  and thermal fa t igue .  
(3 )  The Si-A1 g r e a t l y  improved B-1900's res fs tance  t o  ho t  co r ros ion .  
(4)  The Si-A1 coa t i ng  f a i l u r e  i n  the  o x i d a t i o n  t e s t s  s t a r t e d  a t  a  
small p i t  i n  the coa t ing  fo l lowed by a  thermal f a t i gue  crack a t  t h a t  spot,  
which propagated t o  a l l ow  an expanded area of base metal t o  be exposed t o  
ox i da t i on .  
( 5 )  The S i - A l  f a i l u r e  i n  ho t -co r ros ion  s t a r t e d  wl t h  a  b l i s t e r  which 
V\ 
aD 
rn formed i n  the coa t ing  exposing the  base metal. Rapid co r ros ion  and ox ida-  
I 
W 
t i o n  o f  the base metal masked any o ther  e f f e c t s .  
( 6 )  Pre l  iminary m i c ros t r uc tu ra l  , X-ray, and e l e c t r o n  microprobe s tud ies  
a f t e r  o x i d a t i o n  t e s t s  i nd i ca ted  t h a t  the h i g ; ~  S i  phase, which a l s o  contained 
h i gh  amounts o f  Ta and Mo from the subs t ra te ,  supp l ied  a combination o f  these 
elements t o  t he  o r i g i n a l  N i A l  and/or Ni s o l i d  s o l u t i o n  a t  the sur face t o  a l -  
low combinations o f  ox ides o f  S i ,  Ta, and Mo, t o  form i n  a d d i t i o n  t o  A1 0 2 3' 
The p r o t e c t i v e  a b i l i t y  o f  t h i s  coa t ing  appears t o  be h i g h l y  s e n s i t i v e  t o  the 
e len~ents  contained i n  the  subs t ra te .  
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Figure 4. - Bare and coated 0-1900 after Mach 0.3 
hat-corrosion tests at C for 1 h r  in 5 ppm 
sea salt. 
